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Prozac in the water: Chronic fluoxetine exposure and predation 
risk interact to shape behaviors in an estuarine crab




































emerging	 contaminants	 on	 aquatic	 ecosystems	 and	 can	 aid	 water	 quality	
management.








ing	 about,	 or	 interactions	 with	 conspecifics	 are	 important	 for	 prey	
survival	but	are	considered	risky	when	there	 is	an	 immediate	 threat	




















bination	of	 abiotic	 and	biotic	 factors	 (Chase,	Biro,	 Ryberg,	&	 Smith,	
2009;	Grabowski,	 2004),	 typically	 the	 limiting	 physical	 factors	 (e.g.,	




barnacle	distribution	 in	 the	 rocky	 intertidal.	However,	a	growing	 list	
of	 anthropogenic	 stressors	 has	 been	 shown	 to	 alter	 normal	 animal	
behaviors,	 leading	 to	 reduced	 fitness,	 changes	 in	 population	 struc-











Khoury,	 Powers,	 Patnaik,	 &	 Wallace,	 2009;	 Menone	 et	al.,	 2006).	
These	anthropogenic	 impacts	have	been	shown	to	 limit	 the	realized	
niche	of	an	organism	beyond	what	are	traditionally	considered	natural	
restrictions.
Much	 less	 studied	 are	 the	 effects	 of	 pharmaceuticals	 and	other	
emerging	 contaminants	 as	 stressors	 and	 how	 they	 alter	 animal	 be-
havior,	 despite	 frequent	 detections	 of	 these	 compounds	 in	 aquatic	
environments	 (Boxall	 et	al.,	 2012;	 Brausch,	 Connors,	 Brooks,	 &	




age	 effluent	 (Bringolf	 et	al.,	 2010;	 Khairy,	 Weinstein,	 &	 Lohmann,	
2014;	Metcalfe	et	al.,	2010).	These	compounds	are	designed	to	illicit	








pharmaceuticals	 on	 whole-	organism	 metrics,	 and	 multiorganism	 or	
community-	level	interactions	are	needed	to	improve	our	understand-





categories	 of	 pharmaceuticals	 detected	 in	 the	 marine	 environment	
(Kreke	 &	 Dietrich,	 2008;	 Vasskog	 et	al.,	 2008;	 Brodin	 et	al.,	 2014;	
Gaw	et	al.,	2014).	SSRIs	have	been	developed	to	delay	the	reuptake	
of	 serotonin,	 moderating	 neurotransmission	 in	 the	 human	 brain.	 In	







&	Guimaraes,	 2011).	 Several	 other	 studies	 have	 demonstrated	 that	




















where	 sublethal	 concentrations	 between	 3	 and	 30	ng/L	 are	 com-
monly	detected	(Kreke	&	Dietrich,	2008;	Vasskog	et	al.,	2008).	We	
conducted	 a	 series	 of	 diurnal	 and	nocturnal	 behavioral	 trials	 over	
9	weeks	to	assess	whether	fluoxetine	exposure	altered	risk	behav-
iors	of	H. oregonensis	 in	 response	 to	a	predator,	 the	 red	 rock	crab	
Cancer productus.	 We	 hypothesized	 that	 prolonged	 exposure	 to	
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these	 concentrations	 of	 fluoxetine	 would	 increase	 H. oregonensis 








2  | MATERIALS AND METHODS
2.1 | Study animals and experimental setup
The	Oregon	 shore	 crab,	H. oregonensis	 (Dana,	 1851;	 Figure	1a),	 is	 a	
small	 intertidal	crab	belonging	to	the	family	Grapsidae	and	is	one	of	
the	 most	 common	 species	 inhabiting	 estuarine	 shorelines	 between	
Resurrection	 Bay,	 Alaska,	 USA,	 and	 Bahia	 de	 Todos	 Santos,	 Baja	
California,	Mexico	(Lindberg,	1980).	This	crab	forages	mostly	at	night,	
primarily	eating	diatoms	and	green	algae,	but	also	eating	carrion	and	









(McGaw,	2005).	 It	preys	on	barnacles,	amphipods,	 intertidal	 inverte-
brates,	and	smaller	crabs,	including	Hemigrapsus	spp.
Hemigrapsus oregonensis	 and	 Cancer productus	 crabs	 were	 col-
lected	from	a	single	 location	along	an	estuarine	shoreline	 in	Netarts	
Bay,	 Oregon	 (45°24′51.21″N,	 123°56′4.38″W),	 on	 June	 15,	 2015.	
Cancer productus	were	caught	using	crab	traps	deployed	at	high	tide,	
while H. oregonensis	 were	 hand	 captured	 along	 the	 shoreline.	 Both	
species	 were	 transported	 in	 chilled	 seawater	 to	 the	 laboratory	 at	
Portland	 State	University.	 Upon	 arrival,	H. oregonensis	 (n	=	90)	were	
sorted,	 measured,	 and	 randomly	 distributed	 into	 30	 housing	 tanks	






sand	 (500	g)	 and	 small	 pebbles	 (500	g)	 for	 burrowing	 substrate	 and	








Each	 tank	 contained	 three	H. oregonensis:	 one	 large	 dominant	 male	
(hereafter,	Dom	M:	mean	carapace	width	(CW)	±	SE	=	25.54	±	0.42	mm;	
mean	wet	biomass	±	SE	=	9.3	±	1.4	g),	one	small	female	(hereafter,	Sub	
F:	 CW	=	19.25	±	0.74	mm;	 3.6	±	1.5	g),	 and	 one	 small	 male	 (hereaf-
ter,	 Sub	 M:	 CW	=	21.29	±	0.65	mm;	 4.97	±	0.97	g).	 Mean	 carapace	
width	 and	wet	 biomass	 did	 not	 significantly	 differ	 among	 treatment	
levels	 or	 tanks	 (two-	way	 ANOVA,	 p ≥ .4	 in	 both	 cases).	 Crab	 den-
sities	 (3.0/30	cm2)	 were	 lower	 than	 H. oregonensis	 densities	 at	 the	




















were	fed	a	diet	of	squid	or	shrimp	pieces.	 In	addition,	H. oregonensis 
regularly	grazed	microalgae	from	rocks	and	sediment	and	filter	fed	by	








nanopure	water.	 Each	 fluoxetine	 treatment	 group	 (Controls,	 3,	 and	




Our	 behavioral	 study	 began	 June	 29,	 2015,	 and	 trials	 were	 con-
ducted	 over	 a	 9-	week	 fluoxetine	 exposure	 period.	 Each	 week,	 we	
conducted	 four	 trials	 with	 and	 without	 a	 predator	 observed	 dur-
ing	 the	 day	 and	 night	 (i.e.,	 day	−	predator,	 day	+	predator,	 night	− 
predator,	night	+	predator).	During	predator	trials,	C. productus were 
added	directly	 to	H. oregonensis	 housing	 tanks,	 occupying	 the	 same	
space	for	the	hour-	long	trial	(Figure	1c).	Using	ethograms,	observers	
recorded	 behavioral	 data	 during	 hour-	long	 trials.	 Recorded	 behav-
iors	were	organized	by	 category:	 still,	mobile,	 foraging,	 and	 species	
interactions.	Still	behaviors	were	when	a	crab	remained	buried	or	still.	
Mobile	behaviors	included	the	following:	walking,	digging,	and	moving	

















During	 night	 trials,	we	used	 red	 LED	 lights	 to	 record	observations	
to	 minimize	 the	 effects	 of	 visible	 light	 wavelengths	 on	 nocturnal	
behaviors	 (Figure	1d).	Trials	without	predators	 (both	day	and	night)	










all	 treatments,	although	 it	 likely	 introduced	an	artifact	of	fluoxetine-	









mobile,	 foraging,	and	species	 interactions)	and	 low-	risk	 (i.e.,	 remain-
ing	buried	or	still)	to	calculate	the	proportion	of	risk	behaviors	during	










For	hypothesis	 testing,	we	used	 likelihood	 ratio	 tests	 (LRT)	with	
chi-	square	test	statistics	to	compare	null	models	with	each	main	term	
through	 stepwise	 selection	 of	 the	 best-	fit	 model	 based	 on	 Akaike	
Information	Criterion	 (AIC).	 If	main	 terms	significantly	 improved	 the	
model	fit,	they	were	included	in	the	full	model.	Because	our	hypoth-
eses	 centered	on	 the	 interaction	between	experimental	 factors	 and	
fluoxetine	treatment,	we	used	LRTs	to	test	each	interaction	with	the	
full	 model,	 following	 the	 same	 stepwise	 procedure	 for	 main	 terms.	
Interactions	 that	were	 significant	were	 included	 in	 the	 final	 best-	fit	
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We	pooled	counts	of	species	interaction	behaviors	(i.e.,	agonistic	
and	 active	 predator	 escape)	 into	 three	 exposure	 periods	 (1–3,	 4–6,	
and	7–9	weeks)	 because	 they	did	 not	 occur	 in	 every	 trial.	We	 then	
compared	 these	 counts	 of	 agonistic	 and	 predator	 escape	 behaviors	




However,	 predator	 escape	 behaviors	 were	 restricted	 to	 trials	 with	
predators	only;	 therefore,	 this	GLMM	did	not	 include	trial	 type	as	a	
factor.	Hypothesis	 testing	was	 conducted	 following	 the	 LRT	 frame-
work	outlined	above.





























treatment	 group	 exhibited	 considerable	 changes	 in	 behavioral	 pat-




nificant	 3-	way	 interactions	 (fluoxetine	 treatment	×	trial	 type	×	time)	




class	 did	 not	 significantly	 improve	 the	model	 fit	 (LRT,	χ2	 (4)	=	1.60,	
p = .12)	 and	 were	 therefore	 dropped	 from	 the	 final	 risk	 behavior	
model.	 The	 final	model	was	 used	 to	 predict	 probabilities	 of	H. ore-
gonensis	 exhibiting	 risk	 behaviors	 based	 on	 observed	 proportions	
(Figure	3).
Hemigrapsus oregonensis	 risk	 behaviors	 were	 affected	 by	 fluox-
etine	 exposure,	 mediated	 by	 an	 interaction	with	 predator	 presence	
and	 time	 of	 day	 (LRT,	 χ2	 (7)	=	71.41,	p < .001).	This	 interaction	was	
due	 to	 an	 increased	 probability	 of	 crabs	 exhibiting	 risk	 behaviors	
among	 the	 30	ng/L	 treatment	 group	 (range	 of	 predicted	 probabili-
ties	=	0.47–0.60)	across	the	combination	of	trial	types	(no	predator/
predator	×	day/night).	In	contrast,	the	probabilities	of	crabs	in	3	ng/L	
and	 control	 groups	 exhibiting	 risk	 behaviors	 were	 (0.33–0.40)	 and	
(0.15–0.45),	respectively	(Figure	3).	Crabs	in	control	groups	were	least	
likely	 to	 take	 risks	 during	 a	 daytime	 predator	 trial	 (mean	 predicted	
probability	=	0.15),	remaining	still	or	buried	85%	of	the	time	(Figures	2	













pended	 on	 the	 length	 of	 exposure	 and	 by	 the	 time	 of	 day	 (LRT,	 χ2 
(7)	=	71.41,	p < .001).	This	3-	way	interaction	was	driven	by	differences	
in	observed	risk	behaviors	between	day	and	night	among	the	fluox-
etine	 treatment	 groups	 and	 how	 those	 patterns	 changed	 over	 time	
(Figures	2	and	3).	 In	the	control	group,	there	was	a	consistent	trend	
of	low	activity	during	the	day	and	increased	activity	at	night	(Figures	2	











(GLMM;	 LRT,	 χ2	 (2)	=	199.33,	 p < .001,	 Table	1).	 Crabs	 exposed	 to	
30	ng/L	of	 fluoxetine	were	7.72	times	more	 likely	 (C.I.	=	3.52–16.9)	
9156  |     PETERS ET al.
to	engage	in	agonistic	behaviors	than	crabs	in	control	groups.	Sex	and	





Time	of	 day	had	 the	 strongest	 effect	 on	 active	predator	 escape	







Overall,	 31	 crabs	 perished	 during	 the	 study:	 25	were	 killed	 by	
C. productus,	and	six	were	killed	through	fighting	with	conspecifics.	Of	
those	killed,	13	 (42%)	were	 in	 the	30	ng/L	group	 (nine	by	predator,	
four	by	conspecifics),	10	(32%)	in	the	3	ng/L	group	(eight	by	predator,	
two	by	conspecifics),	 and	eight	 (26%)	 in	 the	control	group	 (eight	by	
predator,	0	by	conspecifics).
4  | DISCUSSION
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reduce	their	activity	levels,	utilize	defenses,	or	seek	refuge	when	
they	 perceive	 the	 risk	 to	 be	 high	 (Lima	 &	Dill,	 1990;	 Lindberg,	













for	 sufficient	 time	 between	 predator	 trials;	 (2)	we	 did	 not	 preclude	



























































and	 activity	 levels	 (Fong	 &	 Ford,	 2014;	 Perez-	Campos,	 Rodriguez-	
Canul,	 Perez-	Vega,	 Gonzalez-	Salas,	 &	 Guillen-	Hernandez,	 2012)	 in	
crustaceans.	 Fluoxetine	 concentrations	 ≥120	μg/L	 caused	 a	 stimu-
lation	of	 locomotor	behavior	 in	 the	 crab	Carcinus maenas	 (Mesquita	
et	al.,	2011).	We	found	similar	increases	in	mobile	behaviors	in	H. or-
egonensis	 exposed	 to	 only	 30	ng/L	 of	 fluoxetine.	 In	Chasmagnathus 
crabs,	Pedetta,	Kaczer,	 and	Maldonado	 (2010)	modulated	 individual	
aggressiveness	via	manipulation	of	serotonin	and	octopamine	 levels,	
where	aggressiveness	 increased	and	decreased	with	 the	addition	of	
the	 respective	 hormone.	 Our	 results	 demonstrate	 similar	 effects	 in	




Time (+/−) Predator Treatment
Exposure
Total % of TotalWeeks (1–3) Weeks (4–6) Weeks (7–9)
Day − Control 4 5 8 17 13.6
3	ng/L 0 5 11 16 12.8
30	ng/L 45 29 18 92 73.6
+ Control 2 0 0 2 3.7
3	ng/L 11 13 9 33 62.3
30	ng/L 12 3 3 18 34.0
Night − Control 8 12 8 28 16.4
3	ng/L 4 6 14 24 14.0
30	ng/L 45 45 29 119 69.6
+ Control 0 5 2 7 8.1
3	ng/L 7 10 6 23 26.7











Day Control 28 18 13 59 19.7
3	ng/L 28 43 46 117 39.0
30	ng/L 50 41 33 124 41.3
Night Control 35 3 7 45 34.9
3	ng/L 28 17 6 51 39.5
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Mesquita	 et	al.,	 2011;	 Pedetta	 et	al.,	 2010;	 Tierney	 &	Mangiamele,	
2001).
Fluoxetine	 is	 one	 of	 the	most	widely	 used	 antidepressants	 in	
the	 world	 (Ankley	 et	al.,	 2007;	 Brooks	 et	al.,	 2003)	 and	 a	 large	
amount	 of	 research	 has	 documented	 its	 occurrence	 in	 aquatic	
(Bringolf	 et	al.,	 2010;	 Corcoran	 et	al.,	 2010;	 Kwon	 &	 Armbrust,	
2006;	 Ramirez	 et	al.,	 2009)	 and	 marine	 (Kreke	 &	 Dietrich,	 2008;	
Vasskog	et	al.,	 2008)	environments.	With	growing	human	popula-
tions	in	coastal	zones,	increasing	use	of	antidepressants	like	fluox-
etine	 is	 expected,	 suggesting	 higher	 future	 concentrations	 in	 the	
marine	 environment.	 Our	 results	 demonstrate	 how	 pharmaceuti-
cals	 affect	 species	 behaviors	 and	 their	 interactions.	 Brodin	 et	al.	
(2014)	nicely	summarized	several	ecologically	important	behavioral	
traits	 for	 assessing	 sublethal	 effects	 of	 pharmaceutical	 exposure,	
and	potential	direct	or	indirect	ecological	effects.	These	behavioral	
traits	 include	 the	 following:	 activity,	 aggression,	 boldness,	 explo-
ration,	 and	 sociality.	 Each	of	 these	 traits	 lead	 to	direct	 ecological	
effects	such	as	dispersal/migration,	 feeding	rates,	mating	success,	
parental	care,	and	predator	avoidance—and	changes	in	these	traits	
have	 consequences	 for	 individual	 fitness	 (Gross,	 2005).	These	 di-










Estuarine	 and	 coastal	 organisms	 are	 exposed	 to	 whole	 suites	
of	 contaminants,	 many	 of	which	 (e.g.,	 sertraline	 (Effexor®;	 Bossus	
et	al.,	 2014),	 carbamazepine	 (Tegretol®;	 Martin-	Diaz	 et	al.	 2009))	
have	known	negative	effects	on	aquatic	and	marine	organisms	(e.g.,	
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